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Abstract

In this Letter, microstructural and mechanical inhomogeneities, a great concern for
single crystal Ni-based superalloys repaired by laser assisted 3D printing, have been
probed near the epitaxial interface. Nanoindentation tests show the hardness to be
uniformly lower in the bulk of the substrate and constantly higher in the epitaxial
cladding layer. A gradient of hardness through the heat affected zone is also observed,
resulting from an increase in dislocation density, as indicated by the broadening of the

synchrotron X-ray Laue microdiffraction reflections. The hardening mechanism of the
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cladding region, on the other hand, is shown to originate not only from high

dislocation density, but also and more importantly from the fine y/y’ microstructure.

KEYWORDS: Hardness and microstructural inhomogeneity, Laser assisted 3D

printing, Ni-based superalloy, Synchrotron X-ray microdiffraction, Interface
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The possibility of preserving the single crystalline nature of Ni-based superalloy
endows laser 3D-printing with high promise in repairing aero-engine components,
prolonging their service lifetime, and reducing cost.* Because of the high
solidification rates inherent to this technique, finer columnar dendrites grow in
epitaxy with the substrate to form a metallurgical interface. The epitaxy is lost after a
few laser passes and equiaxed stray grains with random orientation start to grow.? 3
The columnar-to-equiaxed transition has been studied extensively since the high-
angle grain boundaries (HAGBSs) between stray grains provide easy paths for crack
initiation and propagation.* ® In recent works, defect density in the epitaxial layer is
found to be significantly higher than in the substrate and to increase as the cladding
layer deposits.® ” Concerns regarding the mechanical properties are therefore raised
from such inhomogeneous microstructure: How and why does the mechanical
property change from the substrate to the cladding layer? Does the mechanical
property in the cladding layer vary as a function of defect density? These questions
are of great importance for the development and application of the laser 3D-printing
technique to repair single crystalline Ni-based superalloy. Here we probe the
mechanism of the hardness increase near the epitaxial interface in laser 3D-printed
DZ125L Ni-based superalloy by combining nanoindentation and synchrotron X-ray
Laue microdiffraction (uXRD) measurements, which proved to be an efficient method
for correlating mechanical with structural information at the micron scale.®

The 3D-printing experiment was conducted on an independently developed
system equipped with a Nd:YAG laser under the parameters listed in Table 1.° As
shown in Fig. 1a, a Cartesian coordinate system O-XYZ was established, with X-axis
parallel to the laser scanning direction and Y-axis perpendicular to the cladding-substrate

interface. DZ125L superalloy powders with 50-100 um diameter particles, protected in
3
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high purity argon atmosphere, were injected coaxially into the laser heating generated
molten pool on the {100} crystal plane of a directionally solidified DZ125L substrate.
By unidirectional single channel scan, a 10-layer high, ~0.8 mm thick sample was
formed. Between each two successive layers, the sample was moved by 0.1 mm
vertically, defining the height of each layer.

Nanoindentation tests were performed in the interfacial area on XY plane at room
temperature, indicated by the red triangles array in Fig. 1a. Using a T1950
Tribolndenter (Hysitron, Minneapolis, MN) with a standard Berkovich tip, loading-
control mode was applied at constant rate of 800 uN-s™. The load was held at 4000
uN for 2 s before unloading. A total of 240 indents, distributed in 6 parallel lines
along Y-axis across the interface, were tested, and the distance between two adjacent
indents was 10 um to prevent the interaction of the plastic zones. The hardness,
displayed in Fig. 1b, was obtained from the instrument recorded force-displacement
curve applying the Oliver-Pharr method.'® The hardness is constant at approximately
6.1 + 0.2 GPa deep into the substrate (Y < -100 um), whereas in the cladding layer it
is stable all over the measured 200 um length range (Y > 0), at about 7.4 £ 0.3 GPa,
21% higher than in the substrate. Within a 100 um range from deep substrate to
interface (-100 um <Y < 0), the hardness increases monotonically. This region is
believed to be the heat affected zone (HAZ) formed during the deposition of the first
cladding layer.

A 200 um (horizontal) by 600 um (vertical) area was studied with uXRD
technique on Beamline 12.3.2 at the Advanced Light Source of the Lawrence
Berkeley National Laboratory,'! 400 um deep into the substrate and 200 pm in the

cladding region. With 5 um scanning step size, 4800 patterns were recorded and

4
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analyzed using the software package XMAS'? to obtain the high angular resolution (~
0.01°) crystal orientation at each scanning position.** ** From the inverse pole figures
along X- and Y-directions (Fig. 2a and 2b, respectively), the crystal orientation was
preserved across the interface (grey dashed line). The columnar dendrites, which grew
along Y-axis, were parallel to the <100> crystal direction, while the X- and Z-
directions were roughly parallel to the <052> directions, as confirmed from the {100}
and {052} pole figures in Fig. 2c and 2d, respectively.

From the analysis of the Laue patterns, no change in precipitate density or
HAGBs are observed in the scanned area, while inhomogeneous dislocation density
and low-angle grain boundaries (LAGBSs) are detected. The distribution of average
peak width, which is defined as the average full width at half maximum (FWHM), in
degrees, of all recorded reflections in each Laue pattern, is plotted in Fig. 3a. Two
sharp boundaries are visible in the map and divide the scanned area into three regions,
marked as I to 111 here. The diffraction peaks in region Il are significantly broadened,
indicating high density of dislocations.'® To simplify the analysis, the position and
shape of the 115 reflection, close to the center of the detector, is plotted in the Bragg-
azimuthal (26-y) space in Fig. 3b and 3c, respectively, as a function of sample
position along the vertical dotted line in Fig. 3a. Note that the 26 map spans a 9°
angular range while the x map spans only 4°. The reflections in region | remain
isotropic and sharp, confirming low defect density in the substrate. The broadening is
significantly anisotropic in region 11, suggesting high density of randomly distributed
unpaired geometrically necessary dislocations (GNDs). Subpeaks in region 111
indicate the formation of geometrically necessary boundaries (GNBs).'® In other

words, the dislocation distribution is negligible in region I, high but random in region
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I1, while high and inhomogeneous in region I11. It is also noted that reflection
positions in the Laue patterns unequivocally shift in region Il and 111, therefore crystal
disorientation needs to be taken into account. The disorientation angle between each
pair of adjacent scan positions is computed’ and plotted in Fig. 3d, showing LAGBs
(< 1°) in HAZ and cladding layers. The disorientation angles are averaged along each
Y-coordinate and shown in Fig. 3e. It can be seen that the disorientation angles in
region | is lower than 0.1°, while more than three times higher in region 111, and have
intermediate values in region II.

Since Vickers hardness (Hy) is generally accepted as an empirical linear function
of yield strength (os),'® * and Berkovich hardness (Hgerk) is linearly related to Hy,?
we conclude that the nanohardness measured here (Hgerk) is linearly proportional to
os, and thereby the nanoindentation results can be understood from the well-
established strengthening mechanisms. From the von Mises’ flow rule, os is linearly

related to the shear strength t, and t depends in turn on dislocation density:?*

r= kﬂb\/ Protal + ()

where protal 1S the total dislocation density, a summation of GNDs and paired

statistically stored dislocations (SSDs), u the shear modulus, b the Burgers vector and

k a linear coefficient. Thus Heerk is also linearly proportional to /g, :

HBerk o \/ ptotal ' (2)

The observed Laue peaks in both region Il and Il are anisotropically broadened,
indicating that unpaired GNDs are dominating,® so the total dislocation density protal

is approximated to be the density of GNDs (pg).
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Considering the relationship between crystal plane bending and dislocations,
GND density can be quantified by measuring: 1) the characteristic FWHM of
streaking peaks in 260 direction (A01), 2) the disorientation angle between subgrains
(AB2) for the peaks that are splitting, and 3) the disorientation angle between a pair of
adjacent scanning steps (A83), and applying the following equation:*®

25inA—9
2

Db

Ps = 3)

where A0 is the maximum value among A61, A6z, and A6, and D is the length
corresponding to the angle A6, i.e. the diameter of the X-ray probe (Dbeam) for A61 and

A2 and the scanning step size (Dscan) for AB3. Usually the angle A is small, therefore

sin%g is replaced by ATQ in radian, leading to the relation:

A A A
pezl.max{ 91 , 92 ’ 93 } (4)
b beam Dbeam Dscan
. A6 A6, A6 . .
For simplicity, we call the term max{ L, 5 = 3} disorientation
beam beam scan

gradient and denote it as A—; hereafter. Combining equations (2) and (4), Hgerk is

linked with the uXRD experimental results as follows:

AO
HBerk o F (5)

All three possible disorientation gradient components are calculated and shown in

Figure S1 of the supplementary online information (SOI).2® In most cases A6,

beam

overwhelms the other two terms. The square root of the disorientation gradient
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(,/A—De) is plotted in Fig. 4a as hollow circles, and the average values over each Y-

coordinate are displayed as solid circles. It shows that the disorientation gradient is
low in region I, but start to increase prior to HAZ until reaching a maximum value at
about 50 um below the interface, and then start to drop. The measured hardness,
however, increases monotonically in HAZ. We attribute the discrepancy to the
different probing depths between uXRD and nanoindentation. The 5-24 keV X-ray
beam can penetrate the specimen by up to 40 um, and incident angle is 45°, while the
nanoindentation results reflect the hardness of the specimen of only 0.1-0.2 um in
depth. More detailed explanation is shown in Figure S2 in SOI.?? To avoid the
ambiguity of depth penetration, the verification of equation (5) is checked only in the

region between the two arrows in Fig. 4a. The linear dependence of Hgerk against
AG . . : . : : .
o (Fig. 4b) is strongly evident and the hardening in HAZ is mainly attributed to

the high density of dislocations when the molten pool solidifies rapidly during 3D-
printing, and in situ thermal annealing may be an effective approach to reduce such
inhomogeneity.

In the epitaxial layer, the dislocation density is about 70% higher than in the
substrate, which results in hardness increase of no more than 5%. However, from
experimental measurement, the hardness in the cladding layer is 21% higher than in
the substrate, therefore additional strengthening mechanisms must be operating in this
region. Several possible factors, such as residual stress, chemical inhomogeneity, and
dendrite size and structure, have been excluded after prudent analysis provided in
SOI.2 From the scanning electron micrographs of the nitro-hydrochloric acid etched

sample (Fig. 4c and 4e), the y’ phase in the substrate show regularly dispersed cubic
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morphology, while they are much more irregular in the laser cladding zone. A
measurement of over 200 y’ particles or cubes in each zone show that the y’ particle
size in the cladding layer averages to about 35-40 nm, compared to approximately
400-500 nm in the substrate (Fig. 4d and 4f, respectively), due to the significantly
higher temperature gradient and faster solidification rate in 3D-printing process than
in traditional casting.?® ?* It is worth mentioning that the shape and size of the y’
phase in HAZ are similar to the ones in the deep substrate. According to previous
reports, the density of interphase interfaces has a great impact on the mechanical
behaviors of Ni-based superalloys.? % Complex nonlinear effects of y’ size on the
yield strength of <001> oriented Ni-base superalloy have been reported by Shah et
al.?’ The room temperature yield strength is reported to be 970 MPa when y’ size is
similar to our case (~0.5 um), and increases to 1080 MPa as y’ shrinks to 0.3 um.
Although no data is available for smaller y’ sizes, it is proposed that the strength
limitation is 1167 MPa in the <001> direction. Thus, due to the increase of the
interphase boundaries, the yield strength of the cladding layer of our specimen can be
estimated to range between 1080 and 1167 MPa, corresponding to an increase of 11%
to 20% compared to the substrate. In this reference article, it is not stated whether
dislocation strengthening is considered. Since the dislocation density will either stay
constant or increase as y’ becomes finer, it is reasonable to estimate that the yield
strength will increase by 11% - 25%, which agrees well with the observed 21%
increment of Hgerk in region 111 compared to the substrate.

In summary, the inhomogeneous hardness and microstructural distribution is
characterized quantitatively in the region near the epitaxial interface of laser 3D-

printed single crystal Ni-based superalloy DZ125L. The nanoindentation profile
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shows three distinct regions along the cladding direction. In the investigated sample,
the regions with the constant 6.1 GPa and 7.4 GPa hardness magnitudes correspond to
the substrate and epitaxial cladding zone, respectively. Between them a 100 um thick
HAZ is detected, within which the hardness increases monotonically from the
substrate to the cladding layer. The hardening mechanisms in the HAZ and epitaxial
region are found to be different. From the quantitative analysis of peak shape and
disorientation gradient from the uXRD data, it is found that the hardness in HAZ is
almost linearly related to the square root of dislocation density, proving that the
hardening/strengthening mechanism there results mainly from the high density of
dislocations. In the epitaxial region, a quasi-quantitative estimation suggests that the
fine y/y’ microstructure and dense interphase interfaces contribute more to the
hardness increment than the high density of dislocations. Although the magnitude of
hardness change and HAZ thickness are influenced by the 3D-printing parameters, the
trend of hardening is believed to be representative and typical, and the hardening
mechanisms unraveled here will shed light on the reliability evaluation and parameter

selection of the laser 3D-printing repairing technique.
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Table 1. Technical parameters employed in the laser assisted 3D printing

process
Parameter Value | Parameter Value
Laser power (W) 230 | Powder feed rate (mm3/s) 8
Scanning rate (mm/s) 8 Carrying gas injection rate (L/min) 4
Beam diameter (mm) ~0.5 | Y-increment (mm) 0.1

14
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Figure legends

FIG. 1 (a) Laser 3D-printing experimental setup and an optical micrograph of the
specimen, showing the nanoindentation distribution (in red) of the interested region.
(b) Nanohardness results as a function of the distance from substrate to cladding.

FIG. 2 (a-b) Orientation maps of the in-plane X- and Y-directions, respectively, from
uXRD characterization. (c-d) {001} and {052} stereographic projection figures.

FIG. 3 (a) Average peak width distribution of the scanned area. (b-c) Position and
width of 115 peak in 26 and y directions, respectively, as a function of Y-coordinate.
(d) Map of disorientation angle between each pair of adjacent scanning positions. (e)
Distribution of disorientation angle averaged over each Y-position.

FIG. 4 (a) Averaged square root of disorientation gradient and (b) its relationship with
measured nanohardness. Morphology of the y/y’ microstructure of the cladding region
(c) and substrate (e) is observed in SEM, and the size distribution of the y’ phase is
studied statistically in each region (d, f).
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